ABSTRACT
Introduction
Hepatitis is a growing problem in North America and worldwide due to the hepatitis B and C viruses and ethanol abuse. The hepatitis B virus has a worldwide incidence of 2 billion people infected and 500 million carriers [1, 2] . Additionally 1 million people die from hepatitis B infection annually through chronic hepatitis, cirrhosis, and hepatocellular carcinoma (HCC) [2] . Hepatitis C is also increasing in incidence with 170 million people infected worldwide and a prevalence of 2% in North America and more than 10% in portions of Central Africa and Egypt [3] . Ethanol also increases the neoplastic potential of the hepatitis C virus [4] . Regardless of the etiological agent, malignant transformation of HCC is known to occur through increased liver-cell turnover, induced by chronic injury and subsequent regeneration, in a context of inflammation and oxidative DNA damage [5] .
Oxidative stress plays an integral role in progressive parenchymal liver injury associated with viral hepatitis, alcoholic liver disease, and non-alcoholic steatohepatitis [6] [7] [8] [9] . The imbalance between reactive oxygen species (ROS) production and their elimination causes damage to cellular macromolecules in gingival fibroblasts. ROS are capable of oxidizing lipids, proteins and DNA that lead to the formation of oxidized products such as lipid hydroperoxide (LPO), protein carbonyls and 8-hydroxyguanosine [10] . It has been shown that the major LPO trans-4-hydroxyl-2-nonenal reacts with the DNA bases to produce modified DNA resulting in hepatic carcinogenesis [11] . To minimize the effect of ROS and free radicals, cells express enzymes such as superoxide dismutases, glutathione peroxidase, and catalase, which are pivotal in intracellular antioxidant defense in humans. A few antioxidants have been used to prevent hepatic oxidative damage both in vivo and in vitro with varying degrees of success [12] .
Manganese superoxide dismutase (MnSOD) is the mitochondrial form of superoxide dismutase and catalyses superoxide anions to oxygen and hydrogen peroxide to protect cells against toxic effects of oxygen metabolism. It has been reported that MnSOD is a powerful antioxidant that can prevent carcinogenetic transformation [13] . Previously, we have demonstrated that administration of Mn (III) tetrakis [4-benzoic acid] porphyrin (MnTBAP), a MnSOD nonpeptide mimic, inhibited development of gastroesophageal reflux-induced Barrett's esophagus and esophageal adenocarcinoma, through the reduction of oxidative stress and increased activity of MnSOD [14] . However, the role MnSOD plays in the protection against hepatic injury is largely unknown.
Concanavalin A (Con A) is a lectin protein originally extracted from the jack bean [15] . During the last decade, a model of liver injury by Con A has been widely described and characterized. Liver injury in this model occurs following the production of lymphokines and monokines such as tumor necrosis factor alpha (TNFα), interferon gamma (INFγ), interleukin-6 (IL-6), and IL-1 [15] [16] [17] [18] . In addition to the immune-mediated liver damage, reactive oxygen species (ROS) also play a role in Con A-induced hepatitis probably secondary to immune-mediated liver damage. Con A has also been shown to induce oxidative stress in addition to T-cell inflammatory infiltration [19] . Scavenging of reactive oxygen species by antioxidants prevents may be a new therapeutic target in this experimental model [20] . In the present study, we examined the hepatic damage by oxidative stress involved in the pathogenesis of Con A-induced hepatitis in mice. We tested the hypothesis that Con A-induced hepatitis can be prevented by the administration of the MnSOD supplementation.
Methods

Animals and Treatment
Male 25 -30 g C57 mice (Jackson labs, Bar Harbor, ME) were housed three per cage, given commercial chow and tap water, and maintained on a 12-hour light/dark cycle. They were allowed to acclimate for two weeks prior to treatments. Animals were divided into three groups. The normal control group was treated with intraperitoneal (i.p.) saline daily for 3 days (n = 5). The Con A hepatic injury group was treated with saline (i.p.) for 3 days and then treated with Con A (i.v.) at 30 mg/kg (n = 15). The MnTBAP pretreated group was treated with MnTBAP (i.p.) at 10 mg/kg for 3 days and then treated with Con A (i.v.) at 30 mg/kg (n = 15). Twelve hours after the administration of Con A, the mice were euthanized by CO 2 asphyxiation and the hepatic tissue was harvested for the measurements of histology, alanine aminotransferase (ALT), apoptosis, 8-hydroxy-deoxyguanosine (8-OH-dG), lipid peroxidation, and MnSOD expression and enzymatic activity. This study was approved by the Institutional Animal Care and Use Committee at the University of Louisville.
ALT Activity
Alanine aminotransferase (ALT) enzymatic activity of serum samples was determined using an ALT (GPT) Reagent kit according to the instructions provided (Thermo Electron Corporation, Waltham, MA).
Histopathology
Samples of hepatic tissue from each mouse were fixed in 10% buffered formalin for 24 hours and transferred into 80% ethanol. The formalin-fixed tissue was embedded in paraffin. Five μm sections were mounted onto glass slides and stained with hematoxylin and eosin for histopathologic analysis. Histopathology changes including pericentral and lobular inflammation, and centrilobular cell death were graded on a severity scale from 0 to 3 (0 = no lesion, 1 = mild, 2 = moderate, 3 = severe).
TdT Labeling (TUNEL) Assay
ApopTag® in-situ apoptosis detection kit was used to detect the apoptotic cells according to the product instructions (Intergen Company, Purchase, NY). Five-m thick sections were cut from the paraffin blocks. After deparaffinization and rehydration, endogenous peroxidase was blocked with H 2 O 2 in methanol for 20 minutes. The sections underwent proteinase K digestion for 15 minutes. DNA fragments were tailed using digoxigenin-dUTP along with anti-digoxigenin antibody conjugation with horseradish peroxidase (HRP) along with the substrate (DAB-H 2 O 2 ) to develop a brown color. An apoptotic index (the number of TUNEL positive epithelial nuclei/the number of total epithelial nuclei) was calculated.
Imunoflurescent and Immunohistochemical Assays
Immunofluorescent assay was performed on the frozen section. The slides were dried and blocked with 10% serum in PBS-T. After washing, CD4, IFN-γ and IL-17 was stained by incubation with monoclonal antibodies (anti-CD4 antibody; anti-IFN-γ antibody; anti-IL-17A antibody) labeled with fluorescein isothiocyanate (FITC). A negative control was included in each run. For visualization of CD4, IL-17A and IFN-γ, the signal of FITC was examined under fluorescent microscope at the oil objective 100× magnification.
Immunohistochemical staining was carried out on the paraffin-embedded material using the DAKO EnVision + System Kit (DAKO Corporation Carpinteria, CA). In brief, the sections were deparaffinized and hydrated. The slides were washed with a TRIS-buffer, and peroxidase blocking was performed for 5 minutes. After rewashing, the polyclonal rabbit Ab-8-OH-dG was applied for 30 minutes. The slides were rinsed, and the specimens were incubated with labeled polymer for 30 minutes at room temperature. The substrate-chromogen solution (diaminobenzidine) was added as a visualization reagent. A negative control was included in each run. The digital images of 8-OH-dG staining was acquired with the microscope at 40× magnification using the Spot camera via the MetaMorph ® Imaging System (Universal Imaging Corporation., Downingtown, PA) and stored as JPG data files (the resolutions were fixed as 200 pixels/inch). The procedure for the computer image analysis was performed, and the acquired color images from the immunohistochemical staining were defined a standard threshold according to the software specification. The computer program then quantified the threshold area represented by color images. 8-OH-dG levels are defined by the percentages of threshold area in acquired color images.
Lipid Peroxidation Assay
Lipid peroxidation is quantified by an OXItek TBARS Assay kit (ZeptoMetrix Corporation, Buffalo, NY) measuring the malondialdehyde (MDA) concentrations as described in the provided instruction (Thiobarbituric acid-reactive substance assay). Briefly, the tissue homogenate is processed for thiobarbituric acid reaction following the procedure described. The reaction mixture is covered and incubated at 95˚C for 60 min and then cooled to room temperature in an ice bath for 10 min. The samples were centrifuged at 3000 rpm for 15 min, and the absorbance is obtained with a microplate reader reading at 532 nm.
SOD Enzymatic Activity Assay
SOD enzymatic activity was determined by a SOD assay kit-WST (Dojindo Molecular Technologies, INC.) as previously described [22] . Briefly, the highly water-soluble tetrazolium salt WST-1 [2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-phenyl)-2H-tetrazolium, monosodium salt] produces a water-soluble formazan dye on reduction with a superoxide anion. Samples were tested and a standard curve ranging from 0.156 to 20 units/ml was prepared. The colorimetric assay is done measuring formazan produced by the reaction between WST-1 and superoxide anion (O 2 ). The rate of the reduction with O 2 was linearly related to the xanthine oxidase activity and is inhibited by SOD. The absorbance was obtained with a microplate reader reading at 450 nm. MnSOD activity is determined by adding 1 mmol/L KCN to samples to block Cu/ZnSOD activity completely and then subtracting the Cu/ZnSOD activity from the total SOD activity.
MnSOD Protein Level Assay
MnSOD protein levels in the hepatic tissue were determined by a Western blot analysis of MnSOD expression. In brief, total protein is isolated from fresh tissue samples by homogenization in ice-cold buffer containing 20 mmol/L HEPES (pH 7.5), 1.5 mmol/L MgCl 2 , mmol/L DTT, 0.4 mol/L NaCl, 20% glycerol, 0.5 mmol/L phenylmethylsulfonyl fluoride, and 0.5 mmol/L leupeptin at 4˚C. Insoluble cellular material is removed by microcentrifugation at 16,000× g for 5 min, and total protein is determined spectrophotometrically. The protein samples are separated via SDS-PAGE and subsequently transferred to the nitrocellulose membrane for Western blot.
Statistical Analysis
SPSS version 16.0 was used for data analysis. Continuous variables were compared using a t-test. Values were expressed as mean ± standard deviation. A two-tailed p-value <0.05 was considered significant.
Resutls
Protection of MnTBAP against Con A-Induced Liver Injury in Mice
Histological analysis revealed that Con A administration resulted in pronounced hepatocyte damage with a multifocal distribution of damage in large areas of the liver, consistent with the increased levels of serum ALT activities. Extensive hepatic cell death and inflammatory infiltration was evident on H&E staining in the Con A-treated mice and attenuated in the MnTBAP-pretreated mice, while the control mice had healthy appearing hepatic tissue with no inflammation. The representative histological changes and analysis were shown in Figure 1(a) . The histologic scoring regarding the inflammation and cell death was shown in Table 1 . The ALT level in serum was markedly increased ALT values at 172.8 U/L (p < 0.01 compared to control) in Con A-treated mice. The ALT level in the MnTBAP treated group was significantly attenuated to 66.3 U/L, although the level is still elevated compared to that in the control group (15.8 U/L, p < 0.05) ( Figure 1B) . The apoptotic index, which was determined by counting positive TUNEL-staining hepatocytes in Con A-challenged liver tissue, significantly increased (10.4% in the Con A group) in comparison to the controls (0.3% in the control group, p < 0.01). In the MnTBAP-treated group, however, the apoptotic index was significantly attenuated compared to that in the Con A mice (3.5% in the MnTBAP group versus 10.4% in the Con A group) (Figure 2) . rescent detection revealed high CD4 positive staining into hepatic sinusoids twelve hours after Con A injection.
To study the involvement of the proinflammatory cytokines, IL-17A and interferon-γ were mearsured in the Con A-challenged hepatic tissue. Actually, IL-17, an effector cytokine, has proinflammatory properties [21] and acts on a broad range of cell types to induce the expression of other cytokines (TNF, IL-1β, IL-6, GM-CSF, G-CSF) and chemokines (CXCL1, CXCL8, CXCL10) [22] [23] [24] . It has been demonstrated that IL-17A is largely expressed in CD4+ T cells. We used immunofluorescent assay to detect the production of IL-17A and found an increased level of IL-17A in Con A-challenged hepatic tissue. We also measured IFN-γ in each sample and the result showed that Con A also incresed the early production of IFN-γ. However, pretreatment with MnTBAP did not affect the CD4+ T cells infiltration and these two proinflammatory cytokines levels in the Con A-challenged hepatic tissue. The fluorescent staining of CD4, IFN-γ and IL-17A in Con A-challenged hepatic tissue are shown in Figure 3. 
The Effect of MnTBAP on Oxidative Biomarkers in Con A-challenged Liver
The measurements regarding oxidative biomarkers were performed in Con A-challenged hepatic tissues, 8-OH-dG measurement for DNA oxidative damage and malondialdehyde (MDA) measurement for lipid peroxidation.
The measurement of 8-OH-dG in the hepatic tissues was evaluated by immunohistochemical staining along with computer image analysis. The level of 8-OH-dG was significantly increased in the hepatic tissues of Con
A-challenged mice compared with the saline controls (38.7 ± 5.8 vs. 18.6 ± 5.2, p < 0.01). However, the level of 8-OH-dG was significantly decreased when the Con A-challenged mice pretreated with MnTBAP (25.8 ± 3.5 vs. 18.6 ± 5.2 saline controls). The TBARS results indicated that level of MDA in the hepatic tissues of Con A-challenged mice was considerably increased compared to saline controls. The level of MDA was the highest in the Con A group at 10.5 ± 0.6 nmol/ml compared to the 3.2 ± 0.9 nmol/ml in the control group (p < 0.01) However, treatment with MnTBAP also resulted in a significant decrease in the levels of lipid peroxidation products in the hepatic tissues of Con A-challenged mice. Pretreatment with MnTBAP effectively suppressed MDA level by Con A (2.7 ± 0.9 nmol/ml) which was lower than the Con A group but not different from the control group (p = 0.3). The results of 8-OH-dG and TBARS are shown in Figure 4 .
The Effect of MnTBAP on MnSOD in Con A-challenged Liver
The MnSOD protein expression and MnSOD enzymatic activity were determined in the hepatic tissues of each sample. The results indicated that the level of MnSOD expression decreased in the hepatic tissues 12 hours after Con A administration. Pretreatment with MnTBAP at tenuated the decreased level of MnSOD in the Con A-insulted hepatic tissue. We further measured the MnSOD enzymatic activity; there was also a significant loss of total MnSOD activity observed in the hepatic tissues of Con A-challenged mice compared to that of control animals. MnSOD activity was highest in the control group (0.5%), suppressed in the Con A group (0.3%, p < 0.01 compared to control), and preserved in the MnTBAP-pretreated group (0.4%, p = 0.1 compared to control). The loss of MnSOD in Con A-challenged hepatic tissues was ameliorated by MnTBAP pretreatment. The results of MnSOD expression and MnSOD enzymatic activities are shown in Figure 5 .
Discussion
In this study, Con A-induced hepatitis is used to address the issues of whether alterations of MnSOD protein expression and enzymatic activity are involved in the pathogenesis of Con A-induced hepatitis in mice, and whether supplementmentation with MnTBAP, a MnSOD nonpeptidyl mimic, can attenuate the hepatic injury by Con A. Our results demonstrate that Con A-induced hepatic injury is associated not only with activation of T lymphocytes and related cytokines, but also with oxidative stress. The increased levels of 8-OH-dG and lipid peroxidation and loss of MnSOD were observed in the Con A-challenged hepatic tissues. Supplementation with MnTBAP attenuated the decreased MnSOD protein level and MnSOD enzymatic activity, and decreased the elevated levels of 8-OH-dG and MDA in Con A-challenged hepatic tissue. Pretreatment with a MnTBAP suppresses the increased ALT and cell death by Con A. The hepatic protective effect of MnTBAP is associated with the prevention of loss of MnSOD. However, pretreatment with MnTBAP did not affect CD4 T phocytes infiltration and the related proinflammatory lym cytokines levels of IL-17 and IFN-γ, thus suggesting that the protective effect of MnTBAP against Con A-induced hepatic injury could be from its antioxidant action, which is independent from the inhibition of inflammation. Although Con A has been shown to be toxic to primary hepatocytes in vitro, Con A represents a useful animal model for investigating cytoprotective mechanisms against inflammatory liver injury because the in vivo hepatocyte death by Con A is independent of its chemical hepatotoxic insult. Activation of immune cells is necessary for Con A hepatotoxicity because of immunodeficiency and depletion of immune cells in animals shown to be resistant to hepatotoxic cell death following Con A injection [15, [25] [26] [27] . In general, Con A-induced hepatic injury is assumed to occur by activated Kupffer cells secreting tumor necrosis factor (TNF), interleukin-12, and interleukin-18, and they then activate T cells including natural killer T cells. TNF and IFN-γ are believed to be hepatotoxic and critical for Con A-hepatitis [28] . In the present study, there is an element of hepatitis and inflammatory injury evidenced by the increased ALT, necrosis and apoptosis in the Con A-administrated group compared to the control group. Numerous CD4-positive cells along with increased levels of IFN-γ were found in the hepatic tissue subjected to Con A administration, which was in agreement with most Con A-hepatic injury studies [29] [30] [31] . It has been shown that IL-17 and IL-17RA signaling is critical for full development of hepatitis by Con A [32] . We further measured the IL-17A and found that IL-17A level was increased in Con A-challenged hepatic tissue. IL-17 is an emerging cytokine family that consists of six family members (termed IL-17A through IL-17F) and IL-17 genes show relatively restricted expression in CD4+ T cells and are implicated in host defense [21] . All the results indicate that T-cell-mediated inflammatory liver injury occurs when hepatocytes are targeted by activated inflammatory cells and proinflammatory cytokines. However, the Con A-induced hepatitis was partially reversed by pretreatment with the MnSOD mimetic MnTBAP even though the CD4+ T cells' infiltration and the production of proinflammatory cytokines did not change at all. This finding confirms the lack of effects of MnTBAP on inhibiting inflammatory cytokines and more to the mechanistic effects of antioxidant effects.
Accumulating evidence indicates that oxidative stress involved in Con A-induced hepatitis is probably secondary to immune-mediated liver damage. Administration with antioxidants can attenuate Con A-induced hepatitis [19, 20] . A recent study showed that the production of superoxide and ROS from the Con A-activated Kupffer cells plays a critical role in this hepatitis [33] . All these data support our current findings. In our study, decreased MnSOD protein expression and MnSOD enzymatic activity, as well as elevated levels of 8-OH-dG and MDA, were found in Con A-challenged hepatic tissue. Supplementation with MnTBAP may prevent hepatic injury, and this preventive effect is associated with the attenuation of loss of MnSOD and oxidative damages. Our results indicate that oxidative stress caused cell death contributes to, at least in part, Con A-induced hepatic injury. The levels of 8-OH-dG and MDA, but not the inflammatory parameters suppressed in the MnTBAP-pretreated animal, suggest a link between the MnTBAP-scavenging superoxide action and hepatic protection from oxidative-caused cell death. The possible mechanisms for ROS-caused cell death are the following. First, ROS released from activated Kupffer cells/macrophages and neutrophils can damage cellular macromolecules in hepatocytes, leading to necrosis [33, 34] . Second, necrotic cell debris can lead to activation of proinflammatory cytokine signaling and amplification of the initial inflammatory response [35] . Last, inflammatory cytokine signaling can be further enhanced by ROS because a number of proinflammatory signaling proteins can be regulated in a redox-sensitive fashion [36] .
T-cell-mediated inflammatory liver injury, in which hepatocytes are targeted by activated inflammatory cells, is related closely to the episode that happened in chronic hepatitis of virus (HVB and HVC), cirrhosis, and the increased incidence of HCC. The oxidative stressmediated destruction of hepatocytes during hepatic inflammatory injury is implicated in the progression of acute inflammatory liver injury to chronic inflammatory liver disease. Therefore, preservation of antioxidants in the challenged and compromised liver may have therapeutic applications against liver injury by chronic active hepatits, thereby preventing the fibrotic process and carcinogenetic transformation [37] [38] [39] . Frequently there is a latency period of several years between the onset of chronic viral hepatitis or cirrhosis and malignancy. This latency period provides an ideal opportunity for secondary prevention of primary hepatic malignancy and progression of hepatic disease. The MnSOD mimetic used in this experiment was Manganese III tetrak, an established chemopreventive therapy utilized in our lab in previous animal models [40] . In this current study, the hepatic protective effect could be from its scavenging superoxide action. In addition the effect of superoxide dismutase, MnTBAP has also shown a broad-spectrum ROS scavenge effect and prevents oxidative injury in a wide variety of cell lines and animals [41] [42] [43] [44] . While MnTBAP is not readily available for oral administration to humans, this data highlights the importance of identifying an orally available compound that can combat oxidative stress in humans.
This study does have several limitations, the largest being its short-term nature. While oxidative stress is attenuated in the short term, we do not have any longer term data. A more realistic long-term hepatic injury model, such as chronic ethanol ingestion or carbon tetrachloride-induced liver fibrosis, would be advantageous. Another limitation is the mechanism study of oxidative stress by Con A. It is highly unlikely to perform an in vitro study regarding Con A-induced hepatocytes injury since this is an acute injury model. However, pretreatment with gadolinium chloride to block the Kupffer cells can help to clarify whether the oxidative damage is from Kupffer-cell-released superoxide. Further study regarding the injurious and protective mechanisms is needed.
Conclusions
In summary, this study provides groundwork regarding oxidative stress involved in Con A-induced hepatitis and the protective effect of MnTBAP. The next step is to continue the search for an orally available compound that would up regulate MnSOD enzymatic activity and attenuate oxidative stress in experimental hepatic injury models. Any orally available compound demonstrated to work in the acute setting will then be studied in a chronic setting (i.e., chronic ethanol ingestion) and eventually be tested for safety in a primate model.
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